INTRODUCTION
The relative importance of biotic and abiotic factors in the regulation of ecological systems has been debated throughout this century (McIntosh 1985) . The assumptions that density-dependent factors regulate populations and that communities are near equilibrium have dominated recent ecological thought, but are presently challenged by evidence that density-independent factors are important, nonequilibrium popula-However, even in phosphorus-limited lakes, < 50% of the variance in productivity can be explained by phosphorus loading (Schindler 1978) . The cascading trophic interactions hypothesis explains differences in productivity among lakes with similar nutrient supplies but contrasting food webs . In simplified form, the cascade hypothesis states that a rise in piscivore biomass brings decreased planktivore biomass, increased herbivore biomass, and decreased phytoplankton biomass (Hrbacek et al. 1961 , Shapiro 1980 ). Specific growth rates at each successive trophic level show opposite responses to biomass. Productivity of each trophic level is maximized at an intermediate biomass of its predators.
According to the cascade hypothesis, lake ecosystem productivity is regulated hierarchically through both biotic and abiotic mechanisms . Abiotic factors such as mixing and nutrient supply establish the potential productivity. Actual productivity is determined by food web structure, which depends largely on the strength of interspecific interactions (Paine 1980) . We tested the cascade hypothesis by performing whole-lake manipulations of fish populations and examining the effects of these manipulations on plankton community structure and primary production. Prior to manipulation, the food web of Tuesday Lake had essentially three trophic levels (primary producer, herbivore, planktivore), while the food webs of Paul and Peter lakes had a fourth trophic level, piscivores. Following a year of baseline studies, a reciprocal exchange of fish was carried out between Peter and Tuesday lakes, while Paul Lake remained unmanipulated as a reference ecosystem. Thus, we could determine effects on the plankton of interannual variation in climate and food web structure (Paul Lake) and effects of substantial changes in fish community structure (Peter and Tuesday lakes). We expected that exchange of fishes between Peter and Tuesday lakes would make the food webs more similar and thereby increase the functional similarity of these ecosystems. In Tuesday Lake, piscivore addition and planktivore removal caused major changes in the plankton and primary production that conformed with our hypothesis. In Peter Lake, however, piscivore removal and planktivore addition had surprising consequences that resulted from unexpected behavioral responses of the fish and enhancement by grazers of the growth of certain gelatinous algae.
STUDY LAKEs
Paul, Peter, and Tuesday lakes have long histories of use in experimental limnology (Hasler 1964) , and early research on them initiated the experimental approach to ecosystem studies (Likens 1985a ). These private lakes with unexploited fish populations are morphometrically similar and lie within 1 km of one another in watersheds owned by the University of Notre Dame.
Recent limnological descriptions of the lakes are given by Carpenter et al. (1986), J. Elser et al. (1986), and M. Elser et al. (1986).
Prior to initial manipulation in 1951, bass were the predominant fish in Paul and Peter lakes (Johnson 1954) . Between 1951 and 1976, the lakes were subjected to a series of limings (Peter Lake only) and fish manipulations (both lakes), including rotenone treatment and stocking of trout (Hasler 1964 (Kitchell and Kitchell 1980 ). When we began our study in 1984, largemouth bass was the only fish species in the lakes, and the plankton closely resembled that found in the lakes prior to initial manipulation in 1951 (M. ).
Tuesday Lake becomes anoxic each winter, but supports an abundant minnow assemblage of redbelly dace (Phoxinus eos), finescale dace (P. neogaeus), and central mudminnows (Umbra limit . These planktivores flourish in lakes that winterkill and lack piscivores (Tonn and Magnuson 1982) . Tuesday Lake was artificially circulated using compressed air and then stocked with trout in the summer of 1956 (Schmitz 1958 ). Winterkill subsequently removed the trout and restored the original minnow assemblage.
METHODS

Experimental design
Fish manipulations in 1985 followed baseline studies in 1984. In 1985, reciprocal fish exchanges were carried out between Peter and Tuesday lakes, while Paul Lake remained undisturbed as a reference ecosystem. Approximately 90% of the adult bass biomass in Peter Lake was transplanted to Tuesday Lake, and -90% of the minnow biomass in Tuesday Lake was moved to Peter Lake. Specifically, 375 bass, weighing 45.7 kg, were moved from Peter Lake to Tuesday Lake during 23-31 May 1985, followed by 91 bass (10.1 kg) on 27 July 1985. Adult bass were spawning during the manipulation in May, and continued to do so after the manipulation in all three lakes. By 27 July 1985, bass remaining in Peter Lake had eliminated the minnow population and were feeding on young-of-the-year (YOY) bass (see Results and Discussion). The additional 91 adult and juvenile bass were moved on 27 July to reduce predation on the large cohort of YOY bass recruited in Peter Lake in 1985. During 23-31 May 1985, 44 901 minnows (39 654 P. eos, 2692 P. neogaeus, and 2655 U. limi), weighing 56.4 kg, were moved from Tuesday Lake to Peter Lake. Fishes were held in live cages or net enclosures for up to 7 d after capture and before release into Peter and Tuesday lakes. Mortality during holding was <3% for all fish species. Periodic searches following release detected few dead fish.
During summer stratification in 1984 and 1985, fish populations and diets, plankton community structure, and primary production were monitored. We focused our study on summer stratification because metabolic rates are greatest and lakes are least subject to variable mixing regimes during that period.
Fish populations and diets
Bass populations were estimated by mark-recapture using both hook-and-line and electrofishing methods (Bagenal 1978) . All adult bass (>195 mm) captured were marked with intramuscular tags. All adult bass in Tuesday Lake, and 50-60% of those in Paul and Peter lakes, were tagged. Double-tag studies showed that tag loss was negligible. Juvenile bass (< 195 mm) were marked by fin clipping. Here we report population estimates made during 14-22 August 1984 and 20-26 August 1985. Since most mortality occurred over winters, and young-of-the-year (YOY) bass were difficult to catch in June and July, August studies provided the most satisfactory annual index of bass populations, and intensive sampling efforts were made during these periods. Between 10.8 and 54.3% of marked fish were recaptured in each of these studies.
Methods for analyzing fish diets were described in detail by Hodgson and Kitchell (1987) Chlorophyll a, corrected for pheopigments, was determined fluorometrically (Parsons et al. 1984) , and the data were employed in the productivity calculations (see below). Samples were collected on Whatman GF/F filters, frozen, sonicated and homogenized in methanol (Marker et al. 1980) , centrifuged, and analyzed.
Carbon fixation was determined by the 14C method at the depths listed above. Details of our procedure and the method for calculating daily depth-integrated productivity were given by Carpenter et al. (1986) .
Phytoplankton preserved with Lugol's iodine were settled and then identified, measured, and enumerated under an inverted microscope following procedures described by J. . Both algal unit volume and biovolume (i.e., biologically active volume, containing protoplasm and exclusive of gelatinous sheaths, loricae, etc.) were determined (J. ). Phytoplankton data were presented in two size classes: <30-gm greatest axial linear dimension (GALD) and > 30-gim GALD. Bag experiments in these lakes showed contrasting responses of these size classes to changes in zooplankton biomass and community composition (Bergquist 1985 , Bergquist and Carpenter 1986 ).
Zooplankton were identified, counted, and measured under a dissecting microscope. Conochilus colonies, which could not be preserved, were counted and measured in fresh samples within an hour of sampling. Dry biomasses were computed as described by (Fig. 2) was dominated by C. flavicans. C. punctipennis was present, and C. trivittatus was rare.
Zooplankton biomass was lower in 1985 than in 1984 (Fig. 3) . Mean summer biomass was 2.67 g/m2 in 1984 (SE =0.36, n = 13), and 1.16 g/m2 in 1985 (SE = 0. 10, n = 13). This reduction was due to decreases in the densities and average sizes of the dominant cladocerans Daphnia pulex, D. rosea, and Holopedium gibberum. Biomasses of both rotifers and copepods differed little between the 2 yr. In both years, Orthocyclops modestus and Mesocyclops edax were the dominant copepods, and colonial Conochilus and a large Asplanchna species were the dominant rotifers.
No substantial change in zooplankton composition occurred between the two years (Table 3, Appendix I). The similarity of the 1984 and 1985 zooplankton assemblages in Paul Lake was greater than the interannual similarity coefficients for the two manipulated lakes (Table 3) . No substantial difference in the relative abundance of large zooplankters occurred between the two years (Fig. 4) .
Algal biovolume density was lower in 1985 than in 1984 ( (Table 3) . Primary production in 1985 was consistently lower than primary production in 1984 (Fig. 6) . Mean daily primary production (measured as carbon) was 70.2 mg.m-3-d-' (SE = 3.8, n = 78) in 1984, and 27.8 mg.m-3 d-l (SE = 1.14, n = 94) in 1985. In both years, substantial variability resulted from fluctuations in irradiance and phytoplankton composition and density, but there were no obvious trends in production through either summer. Both the intrasummer and interannual variability exhibited by Paul Lake are similar to the variance in primary production known from many temperate lake ecosystems ).
Bass addition/minnow removal (Tuesday Lake)
In Tuesday Lake, increased piscivory and decreased planktivory caused major changes in the zooplankton and phytoplankton that conformed to the predictions of our hypothesis. Minnows were abundant in Tuesday Lake in 1984, but persisted only briefly after the manipulation in 1985 (Fig. 7) . Minnows were not caught in Tuesday Lake after 1 June 1985, although minnows were observed in beaver channels leading away from the lake's margin. Dietary analyses indicated that minnows were omnivorous: overall, their diets consisted of 57% periphyton and 43% zooplankton by volume.
Adult and juvenile bass populations in Tuesday Lake in 1985 exceeded those of the other lakes (Table 1) . YOY bass in Tuesday Lake in 1985 were confined to the littoral zone (Fig. 1) (Fig. 2) . The dominant chaoborid in Tuesday Lake was C. punctipennis. C. flavicans was present, and C. trivittatus was rare.
The fish manipulations substantially changed the zooplankton community structure and size structure in Tuesday Lake. Zooplankton assemblages in 1984 and 1985 had a similarity coefficient of only 0.50, compared with the interannual similarity coefficient of 0.84 in the reference lake (Table 3 ). In 1985, the zooplankton of Tuesday Lake became more similar to those of Paul Lake. The abundance of zooplankton > 1 mm in length increased abruptly in August 1985 (Fig. 4) , and led to a 70% increase in total zooplankton biomass in August (Fig. 3) Loss of phytoplankters > 30-,jm GALD accounted for this decline (Fig. 5) . Primary production declined steadily through the summer of 1985, and by August was about one-fifth as large as productivity in 1984 (Fig. 6) 
Bass removal/minnow addition (Peter Lake)
The response of Peter Lake was surprising and more complex than that of Tuesday Lake. We had expected that the removal of bass and addition of minnows would increase zooplanktivory, decrease zooplankton biomass and mean size, and increase phytoplankton biomass and production. Phytoplankton biomass and production did indeed increase, but by unexpected mechanisms.
The manipulation reduced the densities of juvenile and adult bass (Table 1) . Densities of YOY bass, however, were much greater in 1985 because piscivory was greatly reduced. As in the other lakes, YOY bass were more numerous in the littoral zone (Fig. 1) . Following further removals of adult bass from Peter Lake in July 1985 (see Methods: Experimental Design), piscivore densities were very low. Consequently YOY bass catches in open-water traps in Peter Lake were higher than those in the other lakes after 1 August 1985.
Minnows moved offshore immediately after release in late May 1985 (Fig. 7) . For up to 4 wk following release, minnow guts contained zooplankton (especially the colonial rotifer Conochilus), and bass guts contained minnows. By 2 wk after the release, minnows had moved inshore, presumably to escape predation, which had greatly reduced minnow populations by midJune. After 27 June 1985, no minnows were caught in Peter Lake, although a few minnows were seen in water <20 cm deep. Zooplanktivory by juvenile and adult bass was less in 1985 than in 1984. Even though individual bass ate more zooplankton in 1985 (Table 2) , juvenile and adult bass populations were greatly reduced (Table 1) (Fig. 1) .
Chaoborus biomass was slightly lower in 1984 than in 1985 (Fig. 2) . The Chaoborus species composition of Peter Lake was dominated by C. flavicans. Both C. punctipennis and C. trivittatus were present.
Zooplankton biomass (Fig. 3) during July and August was greater in 1985 (mean = 1.25 g/m2, SE = 0.13, n = 9) than in 1984 (mean = 0.96 g/m2, SE = 0.12, n = 9). Zooplankton community composition and size structure also differed between the two years (Table 3 (Fig. 4) Primary production was low in June 1985 in Peter Lake, but increased steadily during the summer (Fig.  6) . Peak primary production in 1985 coincided with the bloom of gelatinous green algae in August. In contrast, no intraseasonal trend in primary production was evident during 1984.
GENERAL DISCUSSION
These results demonstrate the joint effects of food web structure and abiotic factors on ecosystem productivity. In Paul Lake, interannual productivity differences of about a factor of two occurred. These differences represent the background variability of an undisturbed lake. In Peter and Tuesday lakes, the effects of the manipulation were superimposed on the background variability exhibited by Paul Lake. We accounted for the interannual variability exhibited by Paul Lake by calculating differences between manipulated lake data and Paul Lake data for samples paired in time. Interlake differences in zooplankton biomass and the logarithm of primary production were then averaged by month (Fig. 8) . Normal probability plots Tuesday Lake's differences from the reference ecosystem in zooplankton biomass varied little from month to month in 1984 (Fig. 8) . In 1985, however, the zooplankton biomass difference was highest in August, and it was always higher than in 1984. This increase in zooplankton biomass resulted from reduced zooplanktivory. Primary production differences between Tuesday and Paul lakes were highest in July 1984. In 1985, however, primary production differences decreased through the summer. In June, primary production differences were higher in 1985, but in July and August primary production differences were lower in 1985. This decrease in productivity relative to the reference ecosystem was caused by enhanced grazer biomass in 1985. Responses of Tuesday Lake were consistent with several other whole-lake planktivore removal experiments (Henrikson et al. 1980 , Benndorf et al. 1984 , Shapiro and Wright 1984 .
Peter Lake's differences from the reference ecosystem in zooplankton biomass were similar in June 1984 and June 1985 (Fig. 8) . In 1985, zooplankton biomass differences were more positive for 1984 during July and August. The net result of the fish manipulations in Peter Lake was therefore an enhancement of herbivore biomass relative to the reference lake. Primary production differences between Peter and Paul lakes in 1984 were highest in July. In 1985, primary production differences increased steadily from month to month, and by August exceeded those of 1984. The increase in productivity relative to the reference ecosystem was caused by enhanced zooplankton biomass in 1985. This response of Peter Lake was the opposite of that observed in Tuesday Lake.
A unimodal relationship between primary production and zooplankton biomass has been supported by theory , modeling studies (Carpenter and Kitchell 1984 . Therefore, the effects of food web structure and abiotic factors on phytoplankton may be essentially independent, and together account for most of the observed variation in lake ecosystem productivity. Although fisheries biology and limnology have evolved as largely separate disciplines, they must coalesce as we establish a holistic view of factors and interactions that regulate lake ecosystem functioning. Conochilus ( 
